biosynthesis pathway [10] . In recent years, many studies have reported the molecular regulation of anthocyanin biosynthesis in response to different grown environments. Larbat reported that the structural genes of phenylalanine ammonialyase (PAL), chalcone synthase (CHS), and flavanone 3-hydroxylase (F3H) significantly increased in answer to nitrogen (N) depletion [11] . Many studies found that the expression of the UDP-glycose flavonoid glycosyl transferase (UFGT) gene is vital to anthocyanin accumulation in many plants, including strawberry, lychee, and grape [12] [13] . Although anthocyanin biosynthesis has been extensively studied in many plants, there is still a dearth of knowledge on the expression of anthocyanin biosynthetic genes to Se supplement, especially in lettuce. In this study, four genes (including CHS, F3H, F3′H, and UFGT) were selected to explore the influence of Se on the molecular mechanism of anthocyanin biosynthesis.
Selenium (Se) is a necessary trace element for the human body that can improve the body's immune system and reduce cancer risk in a moderate amount of selenium content. Selenocysteine (SeCys) is considered to be the 21st amino acid, which is the main component of a variety of antioxidant enzymes and is located in the protease's active site [14] . Therefore, Se has important significance in terms of increasing resistance of plants and animals. Increasing Se content in the diet is an effective method to solve Se deficiencies in plants and animals [15] . Se in the soil can be incorporated into the food chain mainly via crops. Recent years have seen a lot of research about Seenriched plants. Nevertheless, the scope of Se deficiency and Se toxicity in plants is very narrow. Hence, it is of great importance to ascertain the best Se concentration in the process of Se-enriched production plants.
Lettuce (Lactuca sativa L.) is not only one of the most widely consumed leaf vegetables in the world, but it also provides a high nutritional value, such as anthocyanin and vitamins A, C, and E -particularly in purple lettuce. However, to date there have been no reports about the specific response of purple lettuce physiology and anthocyanin biosynthetic genes to Se. Thus, the aim was to evaluate the physiological response of purple lettuce (Lactuca sativa L.) cv. 'Purple Rome' to different Se concentrations (0, 4, 8, 12, 16 μM) in the form of selenite added into the hydroponic systems, and explore the effect of selenite on anthocyanin accumulation.
Materials and Methods

Plant Culture
In September 2015 we conducted a study in the greenhouse of Nanjing Agricultural University. The purple lettuce seeds (Lactuca sativa), 'Purple Rome,' were soaked in tap water for eight to 12 hours at 25 to 30ºC and then transferred to a tray with composite substrates containing perlite, vermiculite, and sphagnum peat moss (1:1:2, w/w), germinated at 25ºC for 15 to 18 days and watered every day. As soon as cotyledons emerged, the seedlings were transferred to the tray. At the four-leaf stage, the seedlings were removed to the holes of styrofoam slabs in the hydroponic system of NFT filling with 1/2 Hoagland nutrient solution [16] . Afterward, the nutrient solution was changed every three days. The plants were cultured under the following conditions: 25/22ºC, 14 h/10 h (day/night), relative humidity of 60-70%, and supplemental oxygen for 30 min every 6 h.
Se Treatment
There were three replicates with six plants per replicate in each treatment. The different treatments, including selenite (0, 4, 8, 12, and 16 μM as Na 2 SeO 3 ) at the basis of the previous work [17] , were carried out along with renewing the solution starting from the six-leaf stage and ending five days before taking the samples (the 30 th day after treatment). We went on the second experiment on the basis of our previous work, which confirmed that 8 μM Na 2 SeO 3 was most beneficial to the purple lettuce growth and anthocyanin accumulation. Therefore, two treatments (0 and 8 μM) were set to explore the effect of selenite on the expression of anthocyanin biosynthetic genes using the real time quantitative PCR (qRT-PCR). The samples were taken from days 3, 6, 9. 12, 15, 18, 21, and 24 in the same place of purple lettuce after selenite treatment, separately.
Analysis of the Plant Height, Fresh Weight, Dry Weight, Water Content and Leaf Area
The purple lettuce samples were taken from the third leaf in the outside and rinsed three times in deionized water to remove any external selenite. Simultaneously, each treatment chose three plants randomly to measure plant height, fresh weight (FW), dry weight (DW), water content (WC), and leaf area (LA). The plant leaves were dried at 60ºC in a drying oven until constant mass as DW. The water content was calculated as the formula: WC (%) = (FW -DW)/FW × 100%. The leaf area was determined using a CI-202 laser area meter (CID BioScience, USA) and expressed in square centimeters (cm 2 ).
Se Content
The samples were obtained in a manner similar to determining the Se content via undergoing mineralization at 65% super pure HNO 3 in a CEM MARS-5 Xpress microwave oven. Selenium concentrations by hydride atomic fluorescence spectrometry, and finally calculated the selenium content in the plant sample [18] .
Determining Anthocyanin Content
The method of anthocyanin extraction was as follows: 400 milligram fresh leaves were soaked in 12 ml of critic acid-sodium citrate buffer solution. They were shocked at 50ºC for 1 h, which was the appropriate condition to obtain maximum extraction capacity. And then the extraction was centrifuged at 4,000 rpm/min at 4ºC for 10 min with centrifuge. Anthocyanin was determined by the pH differential method [19] . The results were shown as milligrams of cyanidin-3-glucoside (Cy-3-Glu) equivalents per gram of fresh weight.
RNA Extraction and the Real Time Quantitative PCR (qRT-PCR) Analysis
We analyzed the relative expression level of the four genes involved in the anthocyanin biosynthetic by using qRT-PCR to study the effect of the selenite on anthocyanin accumulation (Table 1) . Total RNA was extracted from the purple lettuce leaves by utilizing TRIzol Reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The first cDNA strand was synthesized using the PrimeScript RT reagent kit (TaKaRa, Kyoto, Japan) using 1 µg of total RNA pretreated with DNaseI (TaKaRa) to eliminate the contaminating genomic DNA. The qRT-PCR was executed on an MX3005p QPCR System (Agilent Technologies, Santa Clara, CA, USA) using SYBR Premix Ex TaqTM II (TaKaRa). The amplification procedure was as follows: 95ºC for 30 s, 40 cycles of 95ºC for 5 s, and 60ºC for 20 s. Reactions were performed with three biological replicates and two technical replicates. All qRT-PCR reactions were normalized using the actin gene. The relative gene expression levels were calculated using the method of 2 -△△CT [20] .
Statistical Analysis
The data obtained from the experiment were dissected utilizing two methods. The data were subjected to analysis of variance (ANOVA) at 95% confidence. Furthermore, Turkey's multiple range test was used in order to estimate the significance of differences between average values. Graphs were drawn using Microsoft Excel software.
Results
Plant Height and Leaf Area
Fig. 1a) clearly shows the changes about the purple lettuce under selenite treatments. Compared with control plants, the different selenite treatments had a significant effect on plant height and leaf area, which both reached a maximum in the presence of 8 μM selenite and then dropped rapidly (Fig. 1b) . However, there was no significant difference in 4 and 8 μM. At 16 μM, both plant height and the leaf area were lower than that of the control plants.
Fresh Weight, Dry Weight and Water Content
Under the treatment of selenite, both the FW and WC significantly increased immediately at 4 μM and then dropped, but they did not reach a significant level between 4 μM and 8 μM (Fig. 2) . The water content was only lower than the control plant at 16 μM. In comparison to the control, DW can be maintained in a stable level at low selenite concentration (≤8 μM). However, both the FW and DW were noted for significant decreases when selenite concentrations exceeded 8 μM and were lower than the control.
Se Content
As shown in Fig. 3 , we observed a significant increase in Se content of the purple lettuce leaves by in-creasing the selenite concentration in the nutrient solution. Se content reached the maximum at the concentration of 16 μM. Nevertheless, we found maximum growth percentage at the low concentration. That is to say, the Se contents of the purple lettuce leaves with each rise in the selenite concentration were continuous in general, whereas the growth rate gradually decreased.
Anthocyanin Content Fig. 4 shows anthocyanin content in the purple lettuce leaves after the different treatments with selenite. A significant increase was noted in pace with the selenite concentration increased compared with the control.
Furthermore, the greatest increase of anthocyanin content was found at a rate of 8 μM by about 38.8%.
Effect of Selenite on Anthocyanin Content in Different Times of Treatment
The anthocyanin contents of purple lettuce cultured in the nutrient solution with selenite were all higher than the control (Fig. 5) . With the treatment time prolonged, the anthocyanin contents continued to increase significantly. However, the control plants did not find significant difference in the first nine days of the growth period. It was noted that the maximum appeared on day 15 after selenite treatment and then kept a plateau, whereas anthocyanin content in the control plants appeared at maximum on day 18, and showed a significant decrease on day 24 of the growth period.
Effect of Selenite on the Expression of Anthocyanin Biosynthetic Genes
Four genes were designed to analyze the effect of the different selenite treatments on anthocyanin accumulation (Fig. 6) . The relative expression level of the CHS and F3′H genes in the purple lettuce leaves were both significantly higher than the control, and reached the maximum in the presence of 16 μM, which was up-regulated about 364-and 6-fold, respectively, compared with the control. The F3H gene was not affected by the selenite supplemented in addition to the selenite concentration of 8 μM. The UFGT gene was significantly down-regulated except for 8 μM. The expression level of the F3H and UFGT genes obtained the maximum at the rate of 8 μM (by about 1.8-and 30.6-fold).
Effect of Selenite on the Expression of Anthocyanin Biosynthetic Genes in Different Times of Treatment
The relative expression level of CHS and F3′H genes were similar (Fig. 7) . When the nutrient solution was supplied with selenite, both the CHS and F3′H genes appeared in two peaks (on days 9 and 15) during the growth period. Moreover, the CHS gene was higher than that of the control plants except on day 12. However, there was just one peak on days 9 (CHS gene) and 15 (F3′H gene) in the plants grown without selenite addition. After selenite treatment, the expression of F3H gene was lower than that of control plants apart from days 21 and 24. Moreover, compared with the control, there were three peaks in the period of growth. The three peaks were on days 9, 15, and 24, separately; whereas the control plants had only two peaks (days 9 and 21). Compared with the plants grown without selenite addition, under selenite treatment the peaks of the UFGT gene expression level in the plants appeared from days 6, 15, and 24. The maximum was found in the third peak, namely on day 24, and was significantly higher than control.
Discussion
Selenium is not only essential for normal growth and development of plants, but also necessary for animals, humans, and some microbes [21] . Hamilton reported that proper Se concentrations can keep the body functions in a stable state, whereas high concentrations of Se will have toxic effects. Anthocyanin has many physiological effects on plants and humans, such as antioxidation, antisenity, protection against ultraviolet damage, and the prevention and treatment of various diseases [22] . However, little research reports which concentration of selenite does not merely enrich Se but also accumulates anthocyanin in order to achieve the dual purpose of Se and anthocyanin enrichment in purple lettuce. In this study, we can clearly note that selenite could promote purple lettuce growth at low concentrations, but purple lettuce growth was inhibited at high concentrations (exceeding 8 μM) as compared with the control (Figs 1 and 2) . With the increase of selenite concentration in the nutrient solution, Se content in agricultural plants significantly increased, which agrees with those previous results [23] [24] [25] .
Based on our previous research, we identified 8 μM selenite as the best concentration used for Se biofortification in purple lettuce. In this study, the results indicated that when 8 μM selenite is added to the nutrient solution, the anthocyanin contents of the purple lettuce leaves reached the maximum, and appeared to peak on the 15th day after selenite treatment, while the control plants were up to the maximum on day 18. However, we noted a significant reduction on day 24, which may be due to the fact that selenite can promote the related enzyme activities in the anthocyanin biosynthesis, thus inhibiting the degradation of anthocyanin at a later stage of growth.
Many studies have shown that anthocyanin content of fruits and vegetables is closely related to the gene expression of the enzyme in anthocyanin biosynthesis pathways [26] [27] . The genes of anthocyanin biosynthesis include the structural gene ( PAL, CHS, F3H, F3′H, ANS, DFR, and UFGT) [28] and the transcription factor (MYB, bHLH, and WD40) [29] . Anthocyanin accumulation in the leaves of purple yam chimed with a trend in PAL, F3H, ANS, and UFGT gene expression [30] . Povero transformed the Aft and Atv genes into the tomato, found that anthocyanin content increased, and that CHS, F3H, F3′H, DFR, ANS, and UFGT genes expressions were all up-regulated, and eventually obtained a purple tomato [31] . The results of this study showed that under the different concentrations of selenite, the CHS and F3′H genes were significantly up-regulated in low concentrations, which is coincident with the results of Tsuda [32] . These reports make it clear that the CHS and F3′H genes were absolutely the key gene to anthocyanin synthesis related to the accumulation of anthocyanin. Moreover, the F3H and UFGT genes reached the maximum and significantly up-regulated by only 8 μM compared to the control. Therefore, we can infer that the selenite affecting anthocyanin accumulation of the purple lettuce may be due to F3H and UFGT gene expression. On the other side, the relationship between selenite and anthocyanin content as well as the gene expression levels of anthocyanin biosynthesis in the different times after selenite treatment were not reported in other studies. In this experiment, as the treatment time of selenite prolonged, the reason why the anthocyanin content of purple lettuce on day 24 didn't reduce, yet the control plant significantly decreased due to the significant expression of F3H and UFGT genes on day 24 compared with control.
All in all, how the F3H and UFGT genes affect the molecular mechanism of anthocyanin accumulation should be further studied. The results of this study have an important guiding significance to determining what time to harvest the Se-rich purple lettuce.
Conclusions
Se accumulation in plant species can affect growth. In the current study, low selenium concentration promotes plant growth. This study confirms that low levels of selenium can promote the accumulation of anthocyanin in lettuce. For Na 2 SeO 3 treated with different concentrations compared with the control, with the selenium concentration, purple lettuce anthocyanin content increased, reaching a maximum at 8 μM place. qRT-PCR analysis showed that low concentrations of Se can promote the accumulation of anthocyanin, and that maybe the F3H and UFGT genes play a key role. In-depth study of the molecular mechanism of anthocyanin biosynthesis for developing rich anthocyanin food meets the growing demand for good health food being of great significance.
